Microbial symbionts inhabit the soma and surfaces of most multicellular species and instigate both beneficial and harmful infections. Despite their ubiquity, we are only beginning to resolve major patterns of symbiont ecology and evolution. Here, we summarize the history, current progress, and projected future of the study of microbial symbiont evolution throughout the tree of life. We focus on the recent surge of data that wholegenome sequencing has introduced into the field, in particular the links that are now being made between symbiotic lifestyle and molecular evolution. Post-genomic and systems biology approaches are also emerging as powerful techniques to investigate host-microbe interactions, both at the molecular level of the species interface and at the global scale. In parallel, next-generation sequencing technologies are allowing new questions to be addressed by providing access to population genomic data, as well as the much larger genomes of microbial eukaryotic symbionts and hosts. Throughout we describe the questions that these techniques are tackling and we conclude by listing a series of unanswered questions in microbial symbiosis that can potentially be addressed with the new technologies.
Introduction
Symbiotic microbes thrive on the surfaces and in the tissues of diverse multicellular organisms [1] [2] [3] [4] [5] [6] . So while Darwin [7] contemplated 'an entangled bank' crowded with plants and animals, modern microbiologists can now envisage these creatures as 'entangled hosts,' each populated by their own nested microcommunity. Symbionts are defined as organisms that share intimate interactions with other species, whether beneficial or harmful [8, 9] , and microbial partnerships with animals and plants dominate this classification. Yet what molecular pathways have allowed these symbioses to originate and diversify? How are the microbial partners or their biochemical functions distributed in space and time and among host phylogenies?
Is there a 'minimal molecular toolbox' necessary for host association, does this toolbox vary between beneficial symbionts and pathogens, and what are the evolutionary trends this toolbox follows once symbiosis is established? These fundamental questions are important to applied research and basic science as well. The medical and economic relevance of beneficial symbiotic microbes is recently becoming evident; these microbial communities are thought to be critical to human health [10, 11] and can be key determinants of crop [12] and livestock production [13] . At a broader level, both beneficial and harmful symbionts can drive the ecology and evolution of metazoan and plant hosts [14] [15] , and their in-depth study is revealing a level of complexity and biological diversity that had been previously unexplored.
It might seem like an impossible challenge to make generalizations about the vast diversity of microbial symbionts. One hurdle is a dizzying phylogenetic breadth; beneficial microbial symbionts alone encompass lineages spread throughout the tree of life (see Fig. 1 ). Microbial partners also instigate a wide array of fitness effects on their multicellular hosts, ranging from life-sustaining nutrient provisioning [16] to deadly pathogenesis [17] . There is also variation in the degree of 'partner fidelity' between symbiont and host partners [18, 19] : while some microbes evolve to become locked in-step within host lineageslike bacteria-derived organelles [20] and obligate endosymbionts [21] that have lost their independence -other microbes infect or inhabit hosts transiently or with little apparent specialization to host genotype [22, 23] . For decades, biologists have focused on resolving the particular roles and complex biology of individual symbiont taxa [24] . More recently, the advent of whole-genome sequencing is inspiring a broader, systems view of microbial biology [25] . This approach of analyzing and comparing whole-genome data sets promises to provide new insight into the origins, diversity, and phylogenetic distribution of microbial symbionts and their host-associated functions.
The study of host-associated microbes likely began with Van Leeuwenhoek's first microscopic observations of Selenomonas spp. (bacteria) from the human mouth in 1676 [26] . The development of in vitro microbial culturing blossomed during the early 20th century and introduced key experimental approaches that complemented microscopic techniques. For the first time, microbes could be extracted from hosts, grown clonally, and experimentally infected into new hosts to test their effects. Yet, while microscopy and culturing both remain powerful methods in microbiology, both have limitations. Microscope-based taxonomy has often failed to uncover cryptic diversity in the taxa under study, even classifying diverse lineages as single species [6] . While novel culture protocols are still being actively developed, roughly 90-99% of microbes remain uncultured [27] , and it is likely that most microbes will remain so. Molecular approaches of the last two decades have offered powerful alternatives for microbial identification initially revolutionized by 16s rDNA sequencing, e.g., [28, 29] , but also complemented by other techniques such as fluorescence in situ hybridization (FISH), restriction fragment length polymorphisms (RFLPs), and denaturing gradient gel electrophoresis (DGGE) [30] . More recently, direct sequencing of environmental samples has revealed additional unforeseen microbial diversity [31] . Here, we review key aspects of this recent progress, especially the surge of information being generated by whole-genome sequencing data. While most eukaryotic organisms likely host a complex community of symbionts, only a few such systems have been studied extensively and even fewer have genomic resources currently available (Fig. 1) . We focus largely on beneficial microbes, with the understanding that the line between beneficial and harmful microbial host-associates can often be blurred by context dependence [32] and rapid evolution [33, 34] . We begin by highlighting broad patterns that have emerged to date, and subsequently, we move beyond the current research frontier to suggest how newly emerging data sets might be analyzed.
Discussion

Symbiotic lifestyles and genome structure
The small genome size of many bacterial endosymbionts (that live within the bodies or cells of hosts) has facilitated a better understanding of their molecular evolution given the accessibility to finished genomes from closely related lineages and populations [35] [36] [37] [38] . Further, the ability to rapidly shotgun sequence microbial genomes has revealed some fascinating correlates between symbiotic life history and genome evolution. For instance, comparative genomics of obligate endosymbiotic bacteria (that only reproduce within hosts) with free-living relatives have revealed that obligate symbionts tend to evolve reduced genomes, often mediated by gene loss and elevated mutation rates [39] [40] [41] . Data from some focused studies of obligate bacterial symbionts are now producing a more detailed view of such reductive genome evolution, as short-read sequencing technologies are facilitating resequencing efforts of multiple bacterial strains. For instance, Moran et al. [37] sequenced seven strains of Buchnera aphidicola, the pea aphid endosymbiont. The samples were chosen to be representative of recent colonization events in North America and therefore are of recent divergence (between 135 years ago and 7.5 years ago). A symbiotic-genome erosion model emerged from this study that suggests genome reduction follows a stepwise process. The initial step involves a shift toward higher A + T nucleotide composition, which in turn leads to an excess of homopolymers. These homopolymers have a higher incidence of small indels that finally lead to gene inactivation, and the pseudogenes appear to be removed by larger deletions. This pattern of reductive evolution is likely driven by a combination of selection for genome streamlining (loss of functions that are useless within the rich confines of the host) and genetic drift caused by the small population sizes within hosts [42] . Unlike symbionts that also cycle through environmental stages, obligate endosymbionts have little access to foreign DNA via horizontal gene transfer. Moreover, even if they did have access to foreign genetic material, they often lack genes that allow them to take up and incorporate DNA [4] .
In contrast to these obligate interactions, facultative symbiontsthat have free-living stages -can often evolve expanded genomes, mostly via gene duplication and horizontal gene transfer [42, 43] . Rhizobial bacteria offer some extreme examples. These nitrogenfixing, root-nodule symbionts of legumes exhibit multiple lineages that have undergone massive genome expansion compared to related taxa [43] . Rhizobial lineages have expanded their genomes both by acquiring many genes via horizontal gene transfer [44, 45] and also by duplication and divergence of ancestral loci [46] . These observations still leave the open question of what aspects of rhizobial ecology are responsible for instigating the genome expansion. In the eukaryotic realm, we also observe facultative endosymbionts with massive genomes and evidence of expansion. One striking example is that of the photosynthetic dinoflagellates in the genus Symbiodinium, which are facultative symbionts of multiple marine animal taxa as well as other marine eukaryotes. The genome size range among examined Symbiodinium species ranges from 1.9 to 4.1 Gb [47] . Another example is the recently sequenced Laccaria bicolor, a facultative fungal symbiont of poplar trees. Laccaria has emerged as the largest basidiomycete genome sequenced (60 Mb) to date with more genes and larger gene families than other published basydiomycete genomes [48, 49] . The high number of fungal genomes sequenced relative to other eukaryotic groups has allowed the identification of common genetic features associated with host infection. Among fungal phytopathogens but not other fungi, certain gene families have undergone marked expansion, thus shedding light on the molecular toolbox necessary for plant infection [50] . As whole-genome data for more eukaryotes becomes accessible, several genomic traits unique to eukaryotes (e.g., alternative splicing or transposable element driven chromosomal rearrangements) can be examined for their roles in the evolution of symbiosis related genes.
Symbiont genome studies have also expanded to consider the effects of host ecology and evolution on microbial partners. Among facultative symbionts such as nitrogen-fixing Actinobacteria in the genus Frankia, symbiont genome contraction is correlated with host plant isolation, whereas symbiont genome expansion is favored during host plant diversification [51] . The evolution of genome reduction might be driven by genetic drift linked to small host plant population sizes, which could favor gene loss in the symbionts [39] . On the other hand, genome expansion is likely driven by selection on the symbiont to exploit a diversity of encountered substrates provided by multiple potential hosts and by their diverse soils [51] . Yet, different symbiont life histories do not always predict divergent genome evolution. A fascinating contrast (that we discuss further below) has been the multiple similarities found between the genomes of beneficial infectious bacteria and pathogenic ones. The list of similarities includes frequent gene rearrangements, lateral gene transfer from distant donors, persistence of mobile elements, and shared genes involved in similar infection mechanisms [42] ; see below. One explanatory but untested hypothesis is that the degree to which a bacterium reproduces within versus among hosts is a key determinant of genomic evolution irrespective of the symbiont's fitness effect on any particular host.
With new whole bacterial genome sequences becoming available on a regular basis, it is now possible to dissect the specific evolutionary forces (e.g., duplication, accumulation of selfish elements, horizontal gene transfer, deletion driven by drift or selection, etc.) that shape symbiont genomic structure dependent on lifestyle (e.g., obligate vs facultative symbionts, intracellular vs extra cellular symbionts). Currently, only horizontal transfer is known to rapidly engender bacteria with novel host-associated functions such as symbiotic efficacy [52] or pathogenesis [53] . Given the major role horizontal gene transfer has over evolutionary time in shaping the diversity of bacterial gene content relative to other forces such as gene duplication [54] , a clear next step for biologists is to resolve a much fuller breadth of selected functions driven by the integration of novel loci [35] . While horizontal gene transfer can give symbiotic bacteria a massive fitness advantage by allowing them to invade new hosts and host habitats [52] , this process must occur in the face of the strong deletional bias that most bacteria exhibit [55] . Some horizontally acquired, host-associated functions have been well characterized including pathogenicity and antibiotic resistance, but considering the high frequency of transferred loci of no known function [35] , our understanding of the ecological and evolutionary role of horizontal gene transfer remains highly fragmentary. Finally, there are now a few examples of horizontal gene transfer from bacterial symbiont to eukaryotic hosts in which genes are expressed and functional in the host [56] [57] [58] . As more eukaryotic genomes become sequenced, it will be interesting to resolve the extent to which genes have been transferred from symbionts to host.
Common symbiont genes and pathways
Given that gene homology and shared genomic content is relatively low across the bacteria as a whole [59] , it is interesting when genes are shared among bacterial symbionts with divergent lifestyles (such as beneficial symbionts and pathogenic ones) ( Table  1 ). For instance, recent work has shown that loci employed by bacterial parasites to take over host cells share homologs in nonvirulent and even mutualist symbionts [42, 60, 61] . Type III and type IV secretion systems are well-studied examples; these virulence loci encode membrane-associated complexes that inject pathogenspecific protein (type III; Hueck 1998) or nucleo-protein (type IV) effector molecules into hosts, usually with toxic effects. Yet, nonvirulent symbiotic taxa including Wolbachia, Parachlamydia, and multiple lineages of Rhizobia exhibit homologs. In the Rhizobia, the effector molecules are known as 'nodulation outer proteins' [61] and at least in one case appear to prevent full induction of plant defenses [62] . Parachlamydia, a fascinating Amoeba-symbiont related to parasitic Chlamydia, exhibits many such virulence loci such as type III secretion systems and also ATP translocase, which is used to import energetic ATP molecules directly from the host cytosol [42, 63] . Similarities between pathogens and mutualists can also be found in host-defense-related loci. For instance, bacterial exo-polysaccharides protect pathogens against a host's antimicrobial arsenal, and appear to offer protection against reactive oxygen species in beneficial symbionts such as Bradyrhizobium and Sinorhizobium [64] . The recently sequenced genome of Hamiltonella defensa, which is an occasional endosymbiont of aphids, shows that this organism combines mechanisms known from both symbiotic and pathogenic bacteria [65] .
More sequencing and the completion of new host-associated microbial genomes will enhance our understanding of the phylogenetic extent and molecular diversity of such unexpected homologies. Moreover, the combination of molecular-functional data with phylogenetic analyses will allow broader questions about the molecular pathways between beneficial symbiosis and pathogenesis to be addressed. Two specific questions are whether these loci shared between pathogens and symbionts retain similar function in their divergent genomic backgrounds, and whether they can express both parasitic and mutualistic traits. One elegant example of the latter is seen in Aeromonas veronii, which exhibits type III secretion systems that enable the establishment of symbiotic infections on leech hosts, but unleash deadly pathogenesis on mammalian hosts [32] . These questions are germane to our understanding of the origins of pathogenic and mutualistic strategies, which could emerge commonly if only a few mutations can transition a microbe from a mutualist to a parasite or vice versa [19, 33, 66] . The conventional wisdom for bacteria (based on broad scale phylogenetic patterns) is that they are constrained from rapid switches between mutualism and parasitism [67] , but there is at least one well-known case in which a mutualist has evolved directly from a parasitic lineage [34] . In the case of fungal species, there appears to be frequent saprotrophismmutualism switches [68] , but again this trend has not been examined in other eukaryotic lineages. Another question is whether pathogenic microbes commonly evolved from beneficial ancestors, or vice versa? Reconstructing gene genealogies of loci common to mutualists and parasites could be illuminating to the history of host association transitions. If host association loci originated in commensals or mutualists as opposed to pathogens, this would imply a very different selective environment that favored the origins of these traits.
Interactomes and meta-interactomics
Whole-genome sequencing projects have mostly focused on microbial partners, often with significantly smaller genomes than their multicellular hosts. Yet more recent work is generating genomic data for both or (more ambitiously) all members of symbiotic associations (Table 2) , allowing the analysis of interactions among multiple genomes. Protein-protein interactions within genomes are important determinants of the evolutionary rate and fitness effects of individual genes [69] . The extension of proteinprotein interaction analyses across species boundaries (meta-interactomics) will help uncover the key protein interactions that determine fitness outcomes for host and symbiont partners and might ultimately resolve the molecular bases of symbiotic coevolution. The examination of cell surface molecule interactions between hosts and symbionts is an emerging field that will necessitate a combination of genomic data with postgenomic approaches and functional assays. For instance, coimmunoprecipitation experiments have been useful in examining interactions of Plasmodium species with hosts or vectors, such as the identification of a complex of adhesion proteins (PfCCp) involved in parasite gametogenesis in host blood cells [70] , and a receptor/ligand (Psv25-calreticulin) complex in the mosquito midgut [71] . Yeast two-hybrid screens have also proven informative to examine protein-protein interactions in parasitic systems. For example, this latter method identified the receptor in Anopheles gambiae that binds two homologous surface binding proteins of the parasite Plasmodium berghei [72] . In a study on Bacteroides thetaiotaomicron, Sonnenburg et al. [73] combined gene expression microarray analysis and a yeast-two hybrid screen to resolve the role of a hybrid two-component system (HTCS) in nutrient sensing and carbon metabolism; these key functions have likely conferred an adaptive advantage to this prominent distal gut species to survive in the vertebrate gut. Meta-proteomics can also be used to investigate host-symbiont interaction, but so far this has only involved microbes and not yet hosts. Verberkmoes et al. [74] used a shotgun meta-proteomic approach of the distal human gut microbiota. Their data revealed a skewed distribution of proteins involved in translation, energy production and carbohydrate metabolism relative to what would be predicted based on the metagenomic data. With the human genome in place, the molecular interactions with the distal-gut microcommunity can begin to be resolved in earnest. The availability of genome data from multiple plant species that form symbiosis with diverse nitrogen-fixing bacteria has helped uncover conserved genetic programs involved in the onset of symbiosis across phylogenetically distant hosts. These genetic programs are implicated in plant developmental processes but later in evolution were recruited to play roles in root nodule symbiosis [75] . The whole-genome sequencing of the Poplar tree (Populus trichocarpa) [76] and its fungal symbiont (Laccaria bicolor) [48] allows us to start examining if similar evolutionary processes are shaping eukaryotic symbiotic genomes as those recognized in prokaryotic systems. For instance, horizontal gene transfer does not seem to play as an important role as gene duplication as the driver for specialization in L. bicolor [49] . Microarray analysis of onset of L. bicolor infection has identified new candidate genes that are likely responsible for a successful establishment of symbiosis [48] . Metabolomics (i.e., highthroughput analysis of metabolic end products) [77] and metametabolomics (i.e., 'holobiont' analysis, see below) will also likely provide insight into the metabolism of mutualistic interactions, as well as the examination of chemical-protein network interactions [25] .
From genotype to ecosystems
The holobiont is a concept that was initially introduced to refer to the community of organisms that includes a coral host and all its microbial symbionts (including unicellular eukaryotes) [5] . This term can be expanded to any symbiotic interaction between multiple organisms (e.g., a tree and its microbial and fungal endophytes, or the human body and its microbiota). As entire holobionts are sequenced, new perspectives on how we view ecological communities are starting to emerge, for instance how genetic interactions among holobiont members and the surrounding environment can have effects on larger communities by defining ecosystem processes such as nutrient cycling [2, 78] . By linking the actual genes involved in mutualistic interactions with the genotypic background of the host, it now seems possible to extend our understanding of ecosystem processes. This understanding can be achieved by the fact that only a few interactions (e.g., a dominant tree species in a forest and its interacting species partners) can determine entire ecosystem communities [78] . Endophytic fungi will be a particularly interesting case to examine to address questions related to genome evolution of the fungi and the host plant as they offer a continuum of lifestyles that encompasses saprotrophism, symbiosis, and pathogenesis [79] .
As humans, we are particularly interested in the assembly of our own internal microbial community, which is most dense and diverse in our intestine [80] . Intense study of our own holobiont and those of our mammalian relatives has revealed that the assembly of these microcommunities appears to be strongly host-dependent. Across our mammalian relatives, host diet and host phylogenetic history are both important factors that influence each species' symbiont community makeup [81] . Yet, studies of human monozygotic twins further show that our own human gut microcommunities are most strongly shaped by host genotype, with diet being secondary in determining community structure [82] . Furthermore, once a human gut microcommunity is established in an individual, it appears to be stable over time [83] . Taken together, these data suggest a 'top-down' model for the assembly of the human gut microcommunity; once symbiotic communities are established, host-driven selection appears to outweigh microbial competition as the driving force shaping symbiotic diversity [84] . Given this hypothesis, research should now focus on elucidating the mechanisms that human hosts use to shape the diversity of our gut symbionts thus maximizing the fitness benefits that we receive. Elucidating these host-driven mechanisms and the microbial ecology that they affect is a first step towards understanding some of the many pathologies that are linked to gut symbiont dysfunction [85] .
Conclusions
Future directions
Comparative genomics has already proven to be a critical step in understanding coevolutionary trajectories of host and symbiont genomes. While the focus has initially been on the microbial lineages, similar analyses for host genomes should now be tractable (e.g., mammalian, plant, and insect hosts). Some discernible questions in the near future are highlighted in Box 1.
The majority of these questions can be addressed by molecular evolutionary and comparative genomic approaches to both new wholegenome data from emerging eukaryotic genomes and re-sequencing efforts with 'next-gen' sequencing technologies. The pioneering study of Moran et al. [37] mentioned above, in which recently diverged populations of Buchnera were sequenced by the Solexa method, provided a new model of genome evolution at a finer scale simply not possible a couple of years ago. New models will likely soon emerge from re-sequencing approaches of human gut-microbiome in genetically diverse host populations, as well as resequencing of rhizobial symbionts in plants, and Wolbachia symbionts in insects among others. While Buchnera and Wolbachia projects have been 'targeted' symbionts, in many microbiomes, symbionts will have to be identified first. In such cases, single-cell genomics appears an important step in circumventing the issue of low cultivability success [86] .
To broaden our understanding of how host-symbiont interactions are actually taking place at the cellular level, a whole suite of o How do these genes evolve when there are switches to pathogenic relationships? -Are there any 'universal' loci required for all infectious symbionts? Or are these loci phylogenetically restricted to certain clades? -Are common host-associated loci ancestral to the evolution of host infection and thus co-opted for host-associated processes or are they horizontally transmitted among many genomic backgrounds? -How much of the host-symbiont interaction is controlled by regulatory processes rather than genomic differences? Are these different in host and symbionts? postgenomic techniques will have to be invoked. Microarray data have already provided some insight into how hosts and their respective symbionts may be communicating. For instance, in the case of the onset of coral symbiosis in larval stages, only unsuccessful dinoflagellate symbionts (i.e., those failing to establish symbiosis) caused a radically different transcriptome response (i.e., by microarray analysis) in the host, pointing to regulation of apoptosis and the immune system in the host as likely mediators in the symbiosis [87] . In contrast, the successful symbionts establish symbiosis in a stealth manner with minimal change in gene expression profiles in the host [87] . A similar microarray study in the poplar-Laccaria symbiosis showed that several genes encoding small, secreted peptides are expressed during symbiosis [48] . Gene expression analysis has also recently provided insight into the interaction of the human facultative pathogen Salmonella when living in transient symbiosis with the freeliving amoeba Acanthamoeba rhysodes, showing that the genes from the Salmonella pathogenicity island and virulence plasmid are upregulated during infection inducing apoptosis-like cell death in this transitory environmental host [88] . Protein networks have already been successfully elucidated for several model organisms [89] [90] [91] , and the technology could be expanded to examine holobiont communities. A recent proteomic study of cadmium stress alleviation in Medicago truncatula by arbuscular mycorrhizal symbiosis demonstrated the usefulness of this approach. Although only Expressed Sequenced Tags (EST) data are currently available for M. truncatula, about 30 proteins involved in metal stress alleviation were identified in symbiotic plants [92] . Therefore, it is quite feasible that proteome data from organisms and communities with whole-genome and metagenome data can soon be fully integrated with high-throughput functional analyses such as gene expression or proteomic assays. This can potentially help identify genes and pathways involved in partner interactions as well as multiple receptor/ligand complexes involved in the overall regulation of the establishment and maintenance of host-symbiont relationships.
In conclusion, the time is ripe for the large-scale examination of host-symbiont interactions in different parts of the tree of life at multiple levels of biological organization. A comparative approach that will certainly enable us to reconstruct Darwin's 'entangled bank.'
